Introduction
============

Body size and growth during infancy and childhood may have lasting effects on adult health.^[@bib1]^ Larger birth size and faster growth velocity during infancy and childhood have been associated with increased risk for childhood obesity,^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ while small size at birth has been associated with higher risk for cardiovascular disease in adulthood.^[@bib6],\ [@bib7]^ Small size at birth in combination with faster growth velocity may be particularly detrimental and has been associated with obesity and cardiometabolic disease in childhood, adolescence and adulthood.^[@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^

Several biological mechanisms have been posited for how size and growth during infancy may affect risk for obesity later in life. Programming or a predictive adaptive response, where cues from the environment cause permanent changes to physiological functioning during certain periods of developmental plasticity is one set of mechanisms through which either small size, small size combined with rapid growth velocity or rapid growth velocity itself is hypothesized to affect health later in life.^[@bib7],\ [@bib14],\ [@bib15],\ [@bib16]^ Small size at birth may be indicative of suboptimal intrauterine environments that may create a physiology that is predisposed to energy conservation.^[@bib15],\ [@bib16]^ This fetal or neonatal predictive adaptation is thought to work at the epigenetic level, and animal studies suggest multiple common alterations as a consequence of mismatched fetal and postnatal nutrition environments that result in a physiology that favors an insulin-resistant state and an increased propensity for accumulation of fat mass.^[@bib13]^ These alterations include changes to appetite control, taste preference, the hypothalamus, pancreas function and endothelial functioning.^[@bib13]^ The programming will be maladaptive if the environment later in life differs substantially from intrauterine environment and this mismatch in environments is the mechanism by which faster growth velocity in combination with smaller size at birth is hypothesized to be particularly detrimental.^[@bib17]^

Faster growth velocity, independent of size at birth, is also hypothesized to induce programming as a result of the hyperinsulinemic state caused by overfeeding.^[@bib18],\ [@bib19]^ The mechanisms of faster growth independent of birth size as a trigger for programming or a predictive adaptive response are not as well-studied as those for small size in combination with faster growth, but the idea that programming due to overnutrition or growth may create a predisposition for fat accumulation is commonly held.^[@bib13],\ [@bib19]^ If higher growth velocity programs future obesity, we would expect that children who grew faster than average during infancy, independent of attained size during infancy, would exhibit a greater risk of obesity later in life compared with those who did not grow fast. By contrast, it is also conceivable that rather than a programming mechanism, perhaps just attaining a large size early in life is a marker for increased risk of being obese later not due to programming but rather due to either continued exposure to adequate/surplus nutrition that led to large attained size early in life.

The effects of starting size, growth velocity and attained size can never be completely separated---attained size is the result of starting size and growth velocity, but if children with the same size during infancy experience similar risks for overweight later in life despite different growth velocities during infancy, then programming due to rapid growth during infancy may be a less likely explanation. Additionally, if rapid growth for small children does not result in an increased risk for overweight unless it results in larger than average size during infancy, this is important knowledge for low- and middle-income country (LMIC) contexts in which 'catch-up growth\' among small children is routinely encouraged for its short-term morbidity and mortality benefits.^[@bib20],\ [@bib21]^

New methods for growth curve analysis combined with repeated measurements of anthropometrics during early childhood can begin to examine how specific aspects of growth trajectories may relate to future disease risk. For example, the recently developed SuperImposition by Translation and Rotation (SITAR), model is capable of estimating growth trajectories and producing child-specific estimates for size, velocity and timing of peak velocity that can be examined jointly to determine their associations with future health outcomes.^[@bib22]^

We utilized the SITAR method, in conjunction with a unique data set that contains measurements of infant size approximately every 3--6 months during the first 24 months of life in order to parameterize early childhood growth trajectories. Our primary goal was to assess whether size, velocity and timing of peak velocity of body mass index (BMI) trajectories during 0--24 months were independently associated with future probability of overweight. We also analyzed size, velocity and timing of peak velocity for length and weight trajectories---we included length as growth in length is a recognized public health priority in lower-income countries, and we included weight for comparability to previous literature. We tested whether any association between velocity and overweight varied by overall size or by size at birth. Our hypotheses were that larger than average size and faster than average growth velocity would both be independently associated with increased odds of overweight at age 8 years and that the association between growth velocity and overweight would vary by size. We had no hypotheses about how timing of peak velocity might be associated with overweight.

Methods
=======

Study population
----------------

The data came from a birth cohort in a small urban community in Morelos, Mexico. Household surveillance identified all pregnant women during 1998--2000. The intent of the original survey was to identify women early in pregnancy for inclusion in a randomized controlled trial to test the efficacy of a multiple-micronutrient supplement compared with iron supplementation for improving birth outcomes. No differences by treatment were found for the size of the children at birth or 1 month.^[@bib23]^ In a follow-up study, at 3 months of age, children were randomly assigned to receive either a multiple-micronutrient supplement or a supplement of iron with vitamin A. Singleton, term children had anthropometric measurements at approximately 1, 3, 6, 9, 12, 18 and 24 months of age. There were no differences in anthropometric outcomes when analyzed by intent-to-treat, but statistically significant differences in length at 24 months were noted among the high compliers.^[@bib24]^ A subsample of the children (*n*=256) were surveyed when they were 4--6 years old and results were previously reported;^[@bib25]^ however, these measurements are not used in the current analysis as they are available only for a portion of the children (*n*=234) who were eventually followed up in 2008. In 2008, an additional follow-up survey targeting the entire sample of children and their mothers was conducted. The current analyses utilized all of the available length and weight measurements from infancy for each child who had weight and length measured in the 2008 survey. In the present study, supplementation group was not associated with our exposure (growth trajectory) or outcome (overweight). A total of 917 children were enrolled at birth; of these, 654 (71%) participated in the 2008 survey. Our analysis included 586 of the 654 children. Missing data came from BMI measurement at age 8 years (*n*=65) and infant growth parameters (*n*=3).

The protocols were approved by the National Institute of Public Health in Mexico and by the Center for the Protection of Human Subjects at the University of California, Berkeley, CA, USA. Women signed informed consent for themselves and their children.

Dependent variables
-------------------

Our primary outcome of interest was overweight status at age 8 years, which was assessed based on a BMI (kg m^−2^)-for-age *z*-score \>1 s.d. above the age- and sex-specific reference mean according to the WHO Growth Reference 2007.^[@bib26]^ Length, height and weight were directly measured in duplicate using portable equipment by staff trained in standard techniques. Children\'s weight was measured in light clothing without shoes to the nearest 100 g on a digital Tanita mother--baby scale (model 1582, Tanita Corp., Arlington Heights, IL, USA). Length and height measurements were measured in a standard position with a portable convertible infantometer/stadiometer (Schorr Industries, Glen Burney, MD, USA) and recorded to the nearest millimeter.

Independent variables
---------------------

We aimed to determine how growth trajectories during infancy, and particularly the aspects of size and velocity, were associated with overweight in later childhood. We used SITAR models to derive estimates of the relative size, velocity and timing of peak velocity for BMI, length and weight trajectories (separately) between birth and 24 months. We focused on this time period because it is a period of very rapid growth and we had closely spaced, serial anthropometric measurements from this period to inform the growth curves.

Our primary anthropometric measurement of interest during 0--24 months was BMI as BMI is an estimate of weight independent of length, has a moderately high correlation with adiposity (that is, *r*∼0.70),^[@bib27]^ performs better than other power indices (that is, kg m^−3^ or k m^−1^ and so on) and other anthropometric measurements^[@bib28]^ and higher BMI in childhood is associated with increased risk for cardiometabolic disease in adulthood.^[@bib27]^ Among children, BMI is correlated with length.^[@bib29]^ However, length is also correlated with adiposity in children. We also examined length and weight trajectories during infancy for their associations with overweight later in childhood.

### SITAR method to derive trajectory estimates

Described in Cole *et al.*,^[@bib22]^ the SITAR method uses a shape invariant spline curve^[@bib30]^ and a nonlinear random-effects model^[@bib31]^ to simultaneously estimate an average growth curve for BMI, length and weight (separately) for the entire sample and each individual\'s deviation from this average curve on three key aspects, size, velocity and timing of peak velocity. Conceptually, these deviations represent how much bigger or smaller each child is across the entire growth period (size estimate), how much faster or slower the child\'s growth velocity is across the entire period (velocity estimate) and how much earlier or later the child experienced peak velocity (timing estimate). Specifically, the model is: *y*~*it*~=*a*~*i*~+ *h*((*t*−*b*~*i*~)/(exp(−*g*~*i*~)), where *y*~*it*~ is the anthropometric measurement (BMI, length or weight) for subject *i* at time *t*, *h*(*t*) is a natural cubic spline function of age, and *a*~*i*~, *b*~*i*,~ and *g*~*i*~ are subject-specific 'shift\' and 'scale\' random effects^[@bib22]^ that correspond to size, timing of peak velocity and velocity, respectively. The size parameter (*a*~*i*~) shifts the entire curve up or down the y axis (which is size (BMI, length or weight) in these models), similar to a random intercept, the timing parameter (*B*~*i*~) shifts the curve left or right on the x axis (which is age in these models) to shift the age at peak velocity and the velocity parameter (*g*~*i*~) stretches or compresses the entire curve on the age scale to change the slope of the curve.^[@bib22]^ As the estimated random effects (size, velocity and timing) are subject-specific, SITAR derives subject-specific quantitative estimates that characterize the growth trajectory and can then be used as outcomes or exposures in subsequent analyses.

Separate size, velocity and timing of peak velocity variables were created for the BMI, length and weight outcomes (that is, relative BMI (size), BMI velocity, timing of peak BMI velocity; relative length (size), length velocity, timing of peak length velocity; relative weight (size), weight velocity, timing of peak weight velocity). We subtracted the mean and divided by the s.d. for each of the SITAR-derived growth trajectory parameters so that the units were comparable for use in the main statistical models. These variables were approximately normally distributed. In the statistical models, we modeled the SITAR growth trajectory parameters (size, timing and velocity) as continuous variables, after checking for approximately linear associations with the outcome by including a quadratic term for each (which was retained if significant).

Covariates
----------

Confounders were chosen based on a directed acyclic graph of the relationship between infant growth trajectory and overweight status at age 8 years old and included maternal age (calculated from birth date), maternal education level (self-report) and maternal BMI (from measured length and weight during child\'s infancy). Vitamin supplementation during the randomized controlled trial in infancy was not included as a confounder as it was not associated with our exposure or outcome. All variables were entered as continuous variables in the regression models. A quadratic term for each was entered in the model to allow for curvilinearity and retained if statistically significant. Multiple imputation^[@bib32]^ with 10 data sets was used to impute missing values for each of these covariates in order to avoid excluding children from the analysis who were missing information on covariates (maternal age (imputed *n*=51), maternal BMI (imputed *n*=11) and maternal education (imputed *n*=61)).

Statistical analysis
--------------------

We estimated means/proportions for anthropometric and demographic variables. All *z*-scores for anthropometric measurements for infants/children were assessed according to the age- and sex-specific WHO Child Growth Standards.^[@bib33]^

As some of the SITAR models were moderately to highly correlated, we investigated whether collinearity was problematic for our proposed logistic regression models by examining variance inflation factors for the final models. The variance inflation factors did not exceed 10 (a commonly used cut-point for diagnosing problematic collinearity^[@bib34]^) for any of the variables. We concluded that severe collinearity did not appear to be a problem for the mutually adjusted models. Additionally, as previous research has shown differences according to sex between infant size/growth with later life health, we tested whether the relationship between the SITAR growth trajectory parameters and overweight varied by sex by testing the interactions of the size, velocity and timing parameters with sex. Nonsignificant interaction terms allowed us to estimate sex-pooled models.

We estimated separate models for the association between BMI, length and weight trajectories and overweight using logistic regression. For each anthropometric measure, we regressed overweight on each of the SITAR trajectory parameters (size, velocity, timing) separately, while including confounders. Next, we mutually adjusted for all three SITAR growth parameters and confounders to identify which aspects of the growth trajectory were independently associated with overweight at age eight for each anthropometric measure.

To test the hypothesis that the association between velocity and overweight varied by size, we tested the interaction of size and velocity from the SITAR models. We also tested whether the association between velocity and overweight varied by birth weight *z*-score (continuous) or low birth weight (birth weight *z*-score of ⩽2).

Sensitivity analyses
--------------------

For sensitivity analyses, for purposes of comparison with previous literature, we explored whether our results would be different had we modeled odds of overweight at age 8 years as a function of size at birth (BMI-for-age *z*-score) and net change in *z*-score for BMI-for-age. In a separate sensitivity test, we assessed whether the results change substantially if size at birth was included in all of the models. We also tested whether our results were robust to overweight classification using the IOTF (International Obesity Task Force) guidelines.^[@bib35]^ To see whether our results were robust to specifying a different time period during infancy, we tested whether our main results would change if we had modeled the growth trajectories from 0--12 months (another commonly used time period in infancy) with SITAR rather than 0--24 months.

Alpha was set to 0.05 for main effects and 0.10 for interactions. SITAR growth curve analyses were performed in *R*^[@bib36]^ using the nlme (nonlinear mixed effect) library.^[@bib37]^ All other statistical analyses were performed in Stata 11 (Stata Corporation, College Station, TX, USA).^[@bib38]^

Results
=======

Compared with the WHO Child Growth Standards, children were lighter, shorter and thinner than the reference mean at birth ([Table 1](#tbl1){ref-type="table"}). At 8 years old, 14% of the sample was stunted (length-for-age \<2 s.d. below the reference median) and 33% were overweight or obese ([Table 1](#tbl1){ref-type="table"}).

The SITAR models explained a very large portion of the variance in BMI, height and weight between 0--24 months (73, 86 and 85%, respectively). For comparison, a model that includes only birth BMI and change in BMI from 0--24 months explained only 44% of the variance in BMI. The estimated average growth trajectories from the SITAR models for BMI, length and weight are displayed in [Figure 1](#fig1){ref-type="fig"}. The s.ds. of the random-effect SITAR parameters (that is, size, velocity, timing) describe the degree of variation around the sample average curve and are shown in dashed lines in [Figure 1](#fig1){ref-type="fig"} (+/−1 s.d.). Of note, the timing of peak velocity (panels 1a, 2b, 3c), which shifts the entire curve left or right, would have different consequences for BMI compared with length and weight due to different curve shapes. For BMI, earlier timing of peak velocity (lower values for timing) would result in an *earlier decrease* in BMI-for-age. For length and weight, earlier timing of peak velocity would result in an *earlier increase* in length/weight-for-age.

Early life BMI trajectories and overweight in late childhood
------------------------------------------------------------

In covariate-adjusted models, the SITAR-derived estimates for relative BMI (size), BMI velocity and timing of peak BMI velocity were each significantly, positively associated with overweight when analyzed individually ([Table 2](#tbl2){ref-type="table"}, Models 1--3). In the mutually adjusted model, only the relative BMI was significantly associated with greater odds of overweight at age 8 years ([Table 2](#tbl2){ref-type="table"}, Model 4). We found no evidence that the association between BMI velocity and overweight varied by relative BMI (size) during 0--24 months or by birth weight (results not shown).

Early life length trajectories and overweight in late childhood
---------------------------------------------------------------

The SITAR-derived estimates for relative length (size), length velocity and timing of peak length velocity were each significantly associated with greater odds of overweight when analyzed individually. Similar to the results for BMI, in the mutually adjusted models, only relative length was associated with greater odds of overweight ([Table 2](#tbl2){ref-type="table"}). There was no evidence that any association between length velocity and overweight varied by relative length during 0--24 months or by birth weight.

Early life weight trajectories and overweight in late childhood
---------------------------------------------------------------

The SITAR-derived estimates for relative weight (size) and relative weight velocity during 0--24 months were both significantly positively associated with overweight at 8 years of age when analyzed individually in adjusted models, whereas relative timing of peak velocity was not significantly associated with overweight ([Table 2](#tbl2){ref-type="table"}). In the mutually adjusted models, relative weight was significantly associated with greater odds for overweight. Weight velocity was not significantly associated with odds of overweight. The quadratic term for timing of peak weight velocity was included in the mutually adjusted models due to statistical significance. *Post hoc* testing indicated that the predicted probability of overweight was lower when the timing of peak velocity was lower or higher than the mean; however, these results were only statistically significant for values higher (but not lower) than the mean, indicating that experiencing peak weight velocity at a later age during early childhood was associated with a decreased probability of overweight later in childhood. Again, we found no evidence that any association between velocity and overweight varied by size for the models of weight trajectories.

Sensitivity analyses
--------------------

To mirror the typical approach used in this literature (c.f. review Baird *et al.*^[@bib5]^), we modeled odds of overweight as a function of size at birth and net change in *z*-score between birth and 24 months for BMI and weight (separately). In these models, we found that larger birth size and faster growth were both positively, statistically significantly associated with odds of overweight. We could not additionally include attained size at 24 months in these models as the three measures are collinear. For robustness checks, we (1) used IOTF cut-points for overweight, (2) added size at birth to the models, and (3) examined growth trajectories during 0--12 months only, none of which substantively changed the main findings.

Discussion
==========

We applied the newly developed SITAR method for analyzing and characterizing growth curves to determine how infant/early childhood growth trajectories were associated with odds of childhood overweight. In contrast to standard approaches, our approach allowed for the mutual adjustment of size, velocity and timing of peak velocity of the early life growth trajectory, in order to examine which aspects of growth trajectories were independently associated with overweight later in childhood. For BMI, length and weight trajectories, being relatively larger during 0--24 months of age was associated with greater odds of overweight. In each of the models, after controlling for relative size, BMI velocity, length velocity or weight velocity were not associated with increased odds of overweight in later childhood. We found no evidence that any association between BMI/length/weight velocity and overweight might vary by relative size (BMI/length/weight) in early childhood or by birth weight.

Our finding that size (as indicated by BMI/length/weight) during infancy was most consistently associated with odds of overweight in later childhood is consistent with several studies demonstrating the degree to which children and adolescents tend to track along a particular growth percentile over many years. In a study of approximately 500 000 US children, Binkin *et al.*^[@bib39]^ documented the tendency for children born larger to remain larger and children born smaller to remain smaller from birth to 5 years old. More recently, the strong tendency to track in weight categories (that is, normal weight, overweight, obese) between adolescence and adulthood was demonstrated among a large, nationally representative sample of US teenagers.^[@bib40],\ [@bib41]^ For length in particular, previous repeated cross-sectional findings from high-income countries have shown that taller children are more likely to be overweight/obese^[@bib42],\ [@bib43]^ and birth length has previously been positively associated with BMI in the Philippines.^[@bib44]^

In contrast to the hypothesis that being born small and growing fast may be particularly detrimental for adult health,^[@bib13]^ we found no evidence that this was the case in our sample. In LMIC undergoing rapid nutrition transitions, a substantial portion of the population may experience growth restriction *in utero* or infancy followed by exposure to an abundant food environment later in life. Only two other studies have tested whether the association between velocity and overweight varies by size at birth in LMIC. Contrary to our null findings, previous work in a subset of our sample in Mexico found that the association between growth velocity and overweight at age 4--6 years varied by birth size.^[@bib25]^ The authors reported that having higher growth velocity during the first year of life (compared with lower growth velocity) was associated with increased odds of obesity only among infants born small or normal size. For infants born larger, high velocity did not significantly increase risk for overweight. There are a number of possible reasons for the difference in findings within a subset of children in the same study. These explanations include (1) different parameterization of size and growth (that is, use of starting size and subsequent net change in anthropometric *z*-score vs SITAR method), (2) different sample (only 161 children had complete covariates for the analyses of overweight at age 4--6 years), (3) difference in reference growth charts and time period analyzed during early childhood, and (4) difference in the timing of the outcome measure (that is, at age 4--6 years vs age 7--9 years). As we have access to the data from the previous analysis, we have explored likely explanations, *post hoc*. First, we tested whether this difference is purely a change in this relationship over time, (that is, explanation listed in (4)---that the relationship that was seen with overweight at age 4--6 years was no longer apparent at age 7--9 years, even among the same children using the same method). We restricted the sample to only children who had been included in the previous analysis and also had BMI measurements at age 7--9 years (*n*=148) and used the conventional model and confounders used in the previous paper. We found that the previously reported significant interaction between growth velocity and birth size in their association with overweight at age 4--6 years was apparent as expected (*P* for interaction=0.01); however, this same interaction with the same sample was no longer significant when examining overweight at age 7--9 years (*P* for interaction=0.78). Among this sample, the relationships between growth velocity and starting size and subsequent overweight/obesity are different depending on how much later in life overweight/obesity is measured. The one other study, to our knowledge, in a LMIC to examine whether the effects of growth velocity on overweight or obesity varied by birth size found that the interaction between rapid growth and birth size was not statistically significant,^[@bib45]^ which is similar to our findings with older ages using the conventional model.

In contrast to many studies that emphasize the importance of growth during early childhood as a risk factor for future overweight and obesity, our results emphasize size as a risk factor. However, at least some of this difference is simply due to statistical modeling choices and interpretation, rather than biological mechanism. In sensitivity analyses, we use the more traditional approach of modeling birth weight and the net change in weight/bmi *z*-score from birth until 24 months. Using this approach, we also find that velocity is positively associated with overweight risk. In conventional models, the researcher must choose to either include starting size and growth or starting size and subsequent size, as starting size plus growth equals subsequent size, and these three aspects cannot be modeled concurrently in traditional models. Even when stating size and subsequent size is modeled, often the interpretation has focused on growth velocity as the mechanism, rather than size. Using the SITAR method, although individual-specific estimates for relative size, velocity and time are derived and, in theory, their independent association with overweight risk can be obtained, the fact remains that we are relying on a statistical separation of two entwined processes. Additionally, the SITAR method uses mean size over the period 0--24 months, so some of the velocity effect is captured in the size effect. This parameterization de-emphasizes the role of velocity. Both approaches are valid, and their differing results emphasize that the choice of statistical model can influence conclusions.

Using a statistical model that attempts to parse three key aspects of growth, our findings are less consistent with the idea that rapid growth during 0--24 months programs future obesity.^[@bib46],\ [@bib47],\ [@bib48]^ A recent study also using nontraditional methods, also suggests that almost all of the association between growth and hypertension is mediated through body size.^[@bib49]^ We should note that our outcome of overweight is one of size, so it is certainly possible that size during early life is particularly relevant for large size later in childhood and that this may not be the case for other outcomes, such as glucose intolerance or hypertension.

Our statistical technique, which involved multiple measurements and a smoothed subject-specific trajectory of growth, enabled us to begin to investigate the independent contribution of size, growth velocity and timing of peak velocity on future risk of overweight. The SITAR method offers advantages over alternative longitudinal growth modeling methods. First, it enables use of all available data without excluding subjects who may be missing one or more anthropometric measurements. This differs from using conditional weights with regression models, which also offer the advantage of including multiple repeated measurements, but are limited to subjects who have been measured at all time periods. Latent class growth modeling is an alternative approach that considers the entire growth trajectory; however, this method results in a qualitative description of the growth pattern and membership in a trajectory class, but it does not quantify any key aspects of growth for each individual. The SITAR method is similar to a random intercept, random coefficient growth curve with a piecewise cubic spline to model size-for-age; however, by utilizing a shape invariant model and estimating each child\'s deviation from that mean curve with three random effects that correspond to size, velocity and timing, we find the SITAR model to be more parsimonious and interpretable.

There are limitations to our study. First, BMI is not a direct measure of adiposity; however, among children, BMI is correlated with adiposity and future cardiometabolic disease biomarkers.^[@bib27],\ [@bib50]^ Second, we cannot control for pubertal stage, which could theoretically be a confounder or a mediator. However, the majority of our sample was likely prepubescent at follow-up as average age was 8 (s.d. 0.83) years old, and the recent estimates from a sample of Mexican Americans suggest mean age of entry into puberty is 10.4 years for girls.^[@bib51]^ Third, some loss to follow-up occurred. We tested for differences in observed means in mean birth weight, birth BMI, birth length, mother\'s age, education and maternal BMI, and there were no statistical differences between children enrolled at birth and those who were included in the follow-up. Six of the nine SITAR parameters were also not significantly different. We have no reason to believe that the relationship of interest would be different among those lost to follow-up. Fifth, our infant growth trajectories cover the period from 0--24 months. It is possible that a different time period during very early infancy (for example, 0--3 months^[@bib19]^) may be most relevant for velocity in influencing overweight risk.^[@bib19]^ Additional studies using SITAR with closely spaced measurements during very early infancy could address this question.

Conclusions
===========

This study utilized data from a 10-year longitudinal study in Mexico that included up to eight measurements of anthropometrics between 0--24 months. We combined this unique data with the SITAR method to determine which aspects of the 0--24-month growth trajectory were independently associated with overweight in late childhood. Our main finding that size, rather than velocity or timing of peak velocity, was most consistently associated with higher odds of overweight. Attained size is likely particularly important for outcomes that are also classified by size, such as overweight, and it will be important to conduct similar analyses with additional measures of adiposity and with cardiometabolic outcomes as well.
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![Average growth curve (solid line) of each SITAR parameter: (1) size, (2) velocity, (3) timing of peak velocity; (**a**) BMI trajectory, (**b**) height trajectory, (**c**) weight trajectory. The s.ds. are displayed as dashed lines. Values for s.ds. in the BMI models were: 1.21 kg m^−2^ for size, 0.25 fractional units for velocity, 0.56 months for timing; in height models: 2.49 cm, 0.12 fractional units, 1.0 months; in weight models: 1 kg, 0.14 fractional units, 1.14 months.](nutd201232f1){#fig1}

###### Selected descriptive characteristics of sample

                                                     *Mean (s.d.)*   N[a](#t1-fn2){ref-type="fn"}
  -------------------------------------------------- --------------- ------------------------------
  *Child characteristics*                                            
  *Birth measurements*                                               
   Weight (kg)                                       2.95 (0.42)     574
   Weight *z*-score                                  −0.75 (0.94)    574
   Proportion of birth weight *z*-score ⩽ 2          0.11            574
   Length (cm)                                       48.50 (1.89)    527
   Length *z*-score                                  −0.63 (1.00)    527
   Proportion stunted (birth length *z*-score ⩽ 2)   0.10            527
   Body mass index (BMI)                             12.50 (1.14)    527
                                                                      
  *24-Month measurements*                                            
   Weight-for-age *z*-score                          −1.02 (0.93)    418
   Weight (kg)                                       10.57 (1.18)    418
   Length-for-age *z*-score                          −1.60 (1.02)    418
   Length (cm)                                       81.9 (3.22)     418
   Proportion stunted                                0.34            418
   BMI-for-age *z*-score                             −0.03 (0.89)    418
   BMI (kg m^−2^)                                    15.70 (1.10)    418
                                                                      
  *Eight-years old*                                                  
   Weight-for-age *z*-score                          −0.17 (1.31)    586
   Length-for-age *z*-score                          −1.01 (1.00)    586
   Proportion stunted (HAZ⩽2)                        0.15             
   BMI-for-age *z*--score                            0.58 (1.20)     586
   Proportion overweight (BMIZ\>1 and ⩽2)            0.19            586
   Proportion obese (BMIZ\>2)                        0.14            586
                                                                      
  *Maternal characteristics*                                         
   BMI (kg m^−2^; post partum)                       25.10 (3.98)    575
   Proportion overweight (BMI⩾25 and BMI\<30)        0.37            575
   Proportion obese (BMI⩾30)                         0.10            575
   Age (at child birth)                              24.10 (5.3)     535
   Highest grade level                               6.8 (3.29)      525

Abbreviations: BMIZ, body mass index-for-age *z*-score; HAZ, height-for age *z*-score.

The sample size varies from the analytical sample used in the paper (*n*=586) because the models used the SuperImposition, Translation and Rotation (SITAR) estimates, which did not require that all children were measured at all time points in early childhood. Additionally, multiple imputation was used for the maternal characteristics as covariates, so the sample that had non-missing information on these covariates differs from the final analytical sample.

###### Estimated odds ratios for overweight at age 8 years in association with BMI, weight and length trajectories from 0--24 months of age

  *Trajectory characteristics*[a](#t2-fn2){ref-type="fn"}                       *Odds ratio (95% confidence interval) of trajectory models 1--4*[b](#t2-fn3){ref-type="fn"}                                               
  ----------------------------------------------------------------------------- --------------------------------------------------------------------------------------------- --------------------- --------------------- ---------------------
  *BMI*                                                                                                                                                                                                                    
   Relative BMI (size)                                                          1.91 (1.56--2.33)\*                                                                                                                       2.19 (1.51--3.17)\*
   Relative BMI velocity (velocity)                                                                                                                                           1.47 (1.21--1.78)\*                         0.89 (0.68--1.17)
   Relative timing of peak BMI velocity (timing)                                                                                                                                                    1.50 (1.24--1.81)\*   0.92 (0.69--1.22)
                                                                                                                                                                                                                           
  *Length*                                                                                                                                                                                                                
   Relative length (size)                                                       1.24 (1.03--1.50)\*                                                                                                                       1.34 (1.06--1.70)\*
   Relative length velocity (velocity)                                                                                                                                        1.49 (1.23--1.79)\*                         1.18 (0.74--1.88)
   Relative timing of peak length velocity (timing)                                                                                                                                                 0.73 (0.61--0.87)\*   0.77 (0.49--1.23)
                                                                                                                                                                                                                           
  *Weight*                                                                                                                                                                                                                
   Relative weight (size)                                                       1.74 (1.42--2.12)\*                                                                                                                       2.02 (1.31--3.13)\*
   Relative weight velocity (velocity)                                                                                                                                        1.69 (1.40--2.04)\*                         1.47 (0.91--2.38)
   Relative timing of peak weight velocity (timing)                                                                                                                                                 0.90 (0.76--1.07)     0.75 (0.44--1.29)
   Relative timing of peak weight velocity squared[c](#t2-fn4){ref-type="fn"}                                                                                                                                             0.83 (0.73--0.95)\*

Abbreviation: BMI, body mass index.

Trajectory characteristics refer to size, velocity and timing estimates from SuperImposition, Translation and Rotation (SITAR) model, which estimates each child\'s deviation from the sample average growth curve (that is, how much bigger or smaller (size), faster or slower (velocity) and earlier or later (age at peak velocity) each child grew in relation to the sample average curve for 0--24 months of age.

Models 1--4: Model 1 includes the size parameter and covariates; Model 2 includes the velocity parameter and covariates; Model 3 includes the timing parameter and covariates; Model 4 includes size, velocity and timing parameters in addition to covariates. All models include the following covariates: age at childhood overweight measurement, sex, maternal BMI, maternal education and maternal age.

We tested quadratic terms for each of the trajectory characteristics as a test of linearity. The quadratic term was only significant and therefore only retained for the timing variable in weight trajectories.

\**P*\<0.05.
